Objective. To examine the validity of 5 robot-based assessments of arm motor function post-3 stroke. 4 Design. Cross sectional. 5 Setting. Outpatient clinical research center. 6 Participants. Volunteer sample of 40 participants, age >18 years, 3-6 months post-stroke, with 7 arm motor deficits that had plateaued. based assessments were comparable to FMA score in relation to percent CST injury and 23 superior in relation to M1 hand injury. 24 Conclusions. The current findings support using a battery of robot-based methods for assessing 25 the upper extremity motor function in subjects with chronic stroke. Stroke is a leading cause of disability, frequently resulting in the loss of wrist and hand 40 function required for activities of daily living 1-3 . Emerging evidence supports the use of 41 restorative therapies for improving patient outcomes, yet in typical clinical settings, therapists 42 are often unable to deliver the type or amount of intensive intervention needed for optimal 43 recovery 4 5 6 7 due to constraints in the healthcare delivery system [8] [9] [10] . To address this problem, 44 researchers and clinicians are incorporating technology-based therapies (e.g., robotic therapy, 45 computer-based games 11, 12 and home-based telerehabilitation systems 13, 14 ) into stroke 46 rehabilitation, but the results have been mixed 7, 15-19 20 . Interpreting and comparing the results 47 of studies on stroke rehabilitation can be difficult due to the use of different outcome measures 48 across investigations 21, 22 23 24 . The dearth of valid, technology-based outcome measures poses 49 additional challenges to evaluating the effectiveness of these new approaches. Therefore, 50 continuing progress in technology-based stroke rehabilitation depends upon the availability of 51 valid instrumented assessments that are comparable to existing clinical outcome measures.
52
For technology-based therapies to gain widespread acceptance, they must render 53 outcome data that are consistent with valid outcome measures such as the Fugl-Meyer arm 54 motor test (FMA), which is considered a gold standard assessment [25] [26] [27] Review Board, and were contacted by telephone and screened by the study coordinator (LD) to 109 determine eligibility. Entry criteria included age >18 years, stroke with onset 11-26 weeks prior 110 to initial study assessments, arm motor deficits that had reached a stable plateau, and absence 111 of any condition that would confound study participation. All data in the current report were 112 obtained at baseline, prior to any therapy. 113 Procedures. Subjects (or their proxy, for those who were unable to complete the forms 114 due to motor deficits) completed questionnaires about demographic information (age, sex, 115 ethnicity, level of education), medical and rehabilitation history, and prior level of function. The software dictated the time required for administering the robot-based tests. Robot-based 145 wrist movement test data were collected from 38 of the 40 subjects, as that test was 146 introduced beginning with the third subject; otherwise, clinical and robotic data were collected 147 from all subjects. 148 The primary focus was on three of these tests: (1) that subjects had plateaued), two assessments of the FMA, ARAT, and B/B were performed 157 between 1 and 3 weeks of one another at baseline, and the scores were averaged; subjects 158 whose total FMA scores varied by more than 2 points were excluded. All clinical assessments 159 were performed by the same licensed physical therapist (JS); intra-rater and inter-rater 160 reliability for the ARAT and the FMA were established previously for the laboratory 35, 40 and the 161 average duration of the testing procedures was determined. 162 In addition to the behavioral and robotic assessments, anatomical data were collected 163 from an MRI scan (3T, Philips Achieva system) obtained at baseline, prior to any treatment, and reported as absolute value because better motor status is the higher score for some scales and 178 lower for others; moderate correlations were considered to be those in the range of 0.5 to 0.7, 179 with strong correlations being >0.7 42 .
180

Results
181
Study subjects: A total of 40 subjects (29 male/11 female; average age=58 years (+14)) 182 were studied. Demographic information and clinical and robotic assessments are presented in 183   Table 1 . All subjects successfully generated scores on the instrumented assessments, which 184 were rapidly and successfully obtained in all subjects (11-20.5 minutes per session for robotic 185 assessments vs. 29-49 minutes for behavioral assessments). Restrictions in movement ranged M A N U S C R I P T
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Validity of Robotic Assessments 10 from mild to severe motor impairment (Table 1) . The five robotic assessment scores also 187 reflected mild to severe deficits (Table 1) . Anatomical measures of injury were concordant, 188 showing that M1 and CST injury ranged from mild to severe (Table 1) Table 2) . Across ICF domains, motor behavioral assessments focused on the upper extremity 193 showed the strongest correlation with the robotic assessment of speed and the poorest with 194 reaction time (Table 2) . Overall, the robotic speed and wrist targeting tests were the most consistent modality-242 specific (i.e., arm motor function) performers, regardless of ICF level, followed by finger 243 targeting scores, but this relationship did not hold true for the anatomical measures. With 244 regard to injury to the CST and M1 hand area, both anatomical measures were most correlated 245 with reaction time and finger targeting scores, whereas speed and wrist targeting were least 246 correlated. As a result, these differences in scoring patterns may reveal some of the complex 247 and differential effects of lesion size and location on behavior. 248 The relationships between scores on the robot-based assessments of arm motor 249 behavior across the spectrum of WHO ICF domains were particularly interesting. For the ICF 250 domain of Body structure/Function, the robot-based speed test was most highly correlated with Since the items on the BI are not speed dependent, the motor control and coordination 261 required for the targeting tests may be more relevant than speed for overall function. For the 262 ICF domain of Participation, the SIS-hand scores were most correlated with wrist targeting, 263 again suggesting that motor control may be more important than speed for overall function. 264 These findings illustrate the relevance of robot-based assessments with respect to the ICF 265 domains and modality-specific vs. global function deficits, providing a comprehensive picture of 266 the full impact of stroke on individuals' ability to function. 267 The correlations between robot-based assessments and anatomical measures of injury 268 were generally weaker than those for the clinical outcome measures and the pattern of be of greater validity than the FMA total score with respect to amount of M1 hand region 274 injury. Since the robotic assessments did not require individuated fine finger movements, which 275 would likely be more significantly impaired with damage to the hand region of M1 than other 276 motor cortical areas contributing to the CST, 43, 44 the robotic assessment scores may better 277 reflect the integrity of the CST than M1. These findings suggest that perhaps a more specific, 278 patient-centered treatment approach may be developed by considering both the anatomy 279 involved and the types of motor deficits measured by robot-based tests. progress quickly, easily, and remotely may make it easier for therapists to develop more 297 patient-centered treatment plans that identify and address task-specific deficits. 298 In our sample population, language and cognitive deficits were mild and did not 299 interfere with subjects' ability to use the instrumented assessments, thereby reinforcing the 300 robot's utility as a device for measuring motor function in many individuals post-stroke. The 301 specific threshold for cognitive and language deficits that might limit patients' abilities to 302 participate in this type of testing is as yet undetermined, however. 303 Future work will explore an analysis of the potential cost benefit of using robot-or 304 related technology-based assessments. Robot-based assessments have the potential to provide 305 valid and highly consistent outcome assessments that can be used in emerging models of care, 306 but further studies are needed to explore the full capabilities of this type of assessment 307 strategy. Investigations into the use of instrumented assessments that are incorporated into 308 Telerehabilitation systems and other game-based therapies are currently ongoing. While 309 technology is unlikely to replace clinicians or clinical assessments, it is already playing a role in 310 augmenting and expanding more typical rehabilitation provided one-on-one by therapists on-311 site, thereby off-setting current limitations in access to optimal care. As clinicians and 312 researchers seek to clarify the relationships between and among lesion location and size, this study may be prone to similar limitations, which is why using this battery of tests is 320 preferable to using a single outcome measure. Also, the two versions of the B/B tests, while 321 correlated, are different; the robotic version does not require proximal arm and shoulder 322 movement and it allows more time overall, limiting the user's rate of grasp and release. As a 323 result, the robot version may be slightly easier and less fatiguing than the clinical version. 324 Future technology-based therapies also could benefit from incorporating measures of sensory 325 function 45 to provide a more comprehensive assessment of upper extremity function. Finally, 326 language and cognitive deficits were mild in the current population, so the extent to which 327 current results generalize to a more globally impaired population remains to be determined. 328 The use of technology-based assessment and treatment interventions may be restricted to 329 those with minimal cognitive impairment until specific guidelines are established. 
Description of Robot:
The HWARD device uses a lever design and air cylinders to achieve movement. Each air cylinder and limb interface is mounted on opposite ends of a lever, with a revolute joint in between. Midori CP-2FB low friction rotary potentiometers were used to translate the 360º endless mechanical rotation angles into a 0-5V range that was read by the computer using a the National Instruments PCI-6229 data acquisition card. This voltage value was used in the games to sense the degree of rotation.
The HWARD device allows 3-degrees-of-freedom ( 3), alternating between the two in response to a visual cue of the targets flashing (go signal). The starting rate was 3 seconds between go signals. If subjects scored greater than 60% accuracy at that level, they were advanced to a more difficult level (2 second intervals, then 1 second interval). If subjects were unable to meet the initial 3 second interval target, the level of difficulty was reduced to 4 second intervals (i.e., slower rate, up to a maximum of 6 seconds). 
Finger Targeting
